Thiocarbamate herbicides, which are normally applied pre-emergence, exert their herbicidal action at early stages of seedling growth. Grasses and some broadleaf weeds are selectively controlled in corn, cotton, soy bean and other crops with an action on shoots being more important than roots. In addition, a primary effect of these herbicides appears to be inhibition of cell elongation rather than cell division [ 11. Moreover, this inhibition was achieved with concentrations of herbicides which had no effect on de novo synthesis of C,,) and C,, fatty acids in the chloroplast [ 11. This difference reflected the distinct properties of the elongation enzymes in the endoplasmic reticulum compared with the fatty acid synthase proteins [71. For comparative purposes, a 
Thiocarbamate herbicides, which are normally applied pre-emergence, exert their herbicidal action at early stages of seedling growth. Grasses and some broadleaf weeds are selectively controlled in corn, cotton, soy bean and other crops with an action on shoots being more important than roots. In addition, a primary effect of these herbicides appears to be inhibition of cell elongation rather than cell division [ 11. Several thiocarbamates including EPTC (Sethyl dipropylcarbamothioate), diallate [ S(2,3-dichloro-Z-propenyl)bis( 1 -methylethyl)-carbamothionate], CDEC (2-chloro-2-propenyl-diethylcarbamodithioate) and triallate [S(2,3,3-trichloro-2-propenyl)bis( 1-methylethyl)-carbamothioate] have been reported to inhibit lipid metabolism In cabbage, diallate and EPTC inhibited the formation and deposition of surface wax. For example, diallate altered the proportions of very-long-chain fatty acids (V1,CFAs) and reduced the primary alcohol content [2] . In peas, CDEC altered the composition but not the total amount of wax formed whereas diallate and EPTC significantly reduced wax formation. EPTC reduced the cuticle thickness of the petiole and altered the fatty acid content of sicklepod leaflets [ 11.
Interestingly, thiocarbamates which increased plant susceptibility to other herbicides also reduced epicuticular lipids while those u hich had no synergistic activity did not [ 31. Moreover, this inhibition was achieved with concentrations of herbicides which had no effect on de novo synthesis of C,,) and C,, fatty acids in the chloroplast [ 11. This difference reflected the distinct properties of the elongation enzymes in the endoplasmic reticulum compared with the fatty acid synthase proteins [71. For comparative purposes, a Table 2 The direct addition of thiocarbamates to microsomal fractions from germinating peas inhibits the labelling of all fatty acids from second system was used; this utilized aged potato slices, where the cut surface repairs itself with the production of suberin rather than cutin. Again, the production of VLCFAs is prominent in the aged potato slice [7] and the thiocarbamates diallate, EPTC and triallate effectively prevented their formation ( Table 1) [8].
Because fatty acid elongation takes place on the endoplasmic reticulum (and Golgi) membranes [ 91, we used microsomal preparations to examine further the mechanism of thiocarbamate action. Using [2-"C] malonyl-CoA as precursor, microsoma1 fractions from pea seeds, germinated for 24h, are able to synthesize arachidic and, sometimes, behenic acids. At a concentration of 10-'M, both diallate and triallate inhibited fatty acid labelling but the pattern of distribution of radioactivity remained the same (Table 2) [ 101. This result suggested that the herbicides had a direct inhibitory action on de novo synthesis as well as elongation, in contrast to the data for intact tissues. It was only at high (IO-jM) concentrations that diallate and triallate began to have a greater effect on fatty acid elongation compared with palmitate or stearate labelling ( Table 2) .
A number of explanations are possible as to why thiocarbamates have a selective action on fatty acid elongation in vivo but also inhibit de novo synthesis in vitro. In the first place, because VLCFA production may be concentrated in those cells at the tissue surface [ 111, the elongation enzymes might be exposed to higher concentrations of herbicide than fatty acid synthase in vivo. This could account for the selectivity observed. Alternatively, thiocarbamates may be metabolized to a more active derivative in vivo and it is the latter which shows Further experiments were carried out in which exogenous fatty acids were added to the incubations in order to increase elongation [ 101.
Although addition of substrates such as stearate and nonadecanoate increased elongation, addition of thiocarbamates in vztro still had a non-selective effect. For microsomes from pre-treated seeds, addition of exogenous fatty acids permitted elongation, albeit at reduced rates. This suggested that the genes for elongase enzymes were still transcribed and that it was more likely that a sulpboxide metabolite was produced in vivo and remained bound to microsomes thus reducing elongation selectively (see above).
T o obtain further evidence that sulphoxide derivatives were responsible for the inhibition of
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elongation by thiocarbamates, we carried out experiments with a safening agent. Safeners are compounds which can be used in crop plants to reduce the toxicity of herbicide treatment. They may increase detoxification of the herbicide by the plant or they may prevent activation of the pesticide [ 141.
One such compound is ART (S-aminobenzotriazole), which has been reported to neutralize the effect of diallate in plants. Preliminary experiments were undertaken to ensure that ART alone had no effect on fatty acid patterns. It was found, using a monocotyledon leaf test system, that ART did not change the pattern of fatty acid labelling although some inhibition of total uptake and, hence, incorporation of radioactivity from [ l-I4C]acetate was seen. Whereas diallate had a specific effect in reducing fatty acid elongation, the simultaneous presence of ART was able to reverse substantially this inhibition ( Table 4) . Because ART is a known inhibitor of cytochrome P-450-dependent mixed-function oxidases [ 151, which are active with sulpbur-containing xenobiotics [16] , the results are entirely consistent with thiocarbamate sulphoxides being selective for the inhibition of fatty acid elongation The results described above have led us to the conclusion that thiocarbamates are metabolized to sulphoxides and it is these metabolites which have the specific effect on fatty acid elongation at concentrations which do not affect de novo synthesis.
Experiments with different intact systems (germinating peas and monocotyledon leaves) have partly confirmed our proposals but interpretation of data is complicated by the fact that uptake of the herbicide may often be better than the sulphoxide derivative. Nevertheless, germinating peas certainly show an enhanced sensitivity towards Tillam sulphoxide rather than Tillam (perbulate; S-propylbutylethylthiocarbamate) [ 181. In addition, direct assay of the ~7 1 . l'aken together, we now have strong evidence that sulphoxide derivatives of thiocarbamate herbicides are potent inhibitors of fatty acid elongation. Thus:
-thiocarbamate herbicides alter wax synthesis in -thiocarbamates specifically inhibit fatty acid elongation and thus reduce the availability of wax precursors [5, [2, 3] We believe that it is the sulphoxides which form a basis for the physiological action of thiocarbamates in reducing or altering surface wax formation.
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